In the adult brain, new synapses are formed and pre-existing ones are lost, but the function of this structural plasticity has remained unclear [1] [2] [3] [4] [5] . Learning of new skills is correlated with formation of new synapses [6] [7] [8] . These may directly encode new memories, but they may also have more general roles in memory encoding and retrieval processes 2 . Here we investigated how mossy fibre terminal complexes at the entry of hippocampal and cerebellar circuits rearrange upon learning in mice, and what is the functional role of the rearrangements. We show that one-trial and incremental learning lead to robust, circuit-specific, long-lasting and reversible increases in the numbers of filopodial synapses onto fast-spiking interneurons that trigger feedforward inhibition. The increase in feedforward inhibition connectivity involved a majority of the presynaptic terminals, restricted the numbers of c-Fos-expressing postsynaptic neurons at memory retrieval, and correlated temporally with the quality of the memory. We then show that for contextual fear conditioning and Morris water maze learning, increased feedforward inhibition connectivity by hippocampal mossy fibres has a critical role for the precision of the memory and the learned behaviour. In the absence of mossy fibre long-term potentiation in Rab3a 2/2 mice 9 , c-Fos ensemble reorganization and feedforward inhibition growth were both absent in CA3 upon learning, and the memory was imprecise. By contrast, in the absence of adducin 2 (Add2; also known as b-adducin) 10 c-Fos reorganization was normal, but feedforward inhibition growth was abolished. In parallel, c-Fos ensembles in CA3 were greatly enlarged, and the memory was imprecise. Feedforward inhibition growth and memory precision were both rescued by re-expression of Add2 specifically in hippocampal mossy fibres. These results establish a causal relationship between learning-related increases in the numbers of defined synapses and the precision of learning and memory in the adult. The results further relate plasticity and feedforward inhibition growth at hippocampal mossy fibres to the precision of hippocampus-dependent memories.
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To determine whether hippocampus-dependent learning [11] [12] [13] may produce structural rearrangements in hippocampal large mossy fibre terminal (LMT) components involved in feedforward excitation and/ or feedforward inhibition in CA3 (ref. 14) (Fig. 1a and Supplementary Material), we analysed GFP-positive LMTs in the dorsal hippocampus of Thy1-mGFP(Lsi1) reporter mice 5 that had been subjected to contextual fear conditioning, a one-trial learning protocol (Methods). Fear conditioning led to a robust increase in the average number of filopodia per LMT (1.82-fold, P , 0.001; feedforward inhibition connectivity; Fig. 1b, c and Supplementary Fig. 2a ), and to a less pronounced increase in the average numbers of Bassoon-positive putative release sites per core LMT 15 (1.31-fold, P , 0.01; feedforward excitation connectivity; Supplementary Fig. 2a ). By contrast, there was no change in the densities of LMTs in CA3b at any time upon fear conditioning ( Supplementary  Fig. 2a ). The filopodia contacted spine-free dendrites of parvalbuminpositive interneurons in CA3b (Fig. 1d, e and Supplementary Fig. 3a ), indicating that they induce feedforward inhibition through fast-spiking interneurons [16] [17] [18] . To estimate the fraction of LMTs in CA3b with altered contents of filopodia, we analysed LMT/filopodia distributions in naive, control and fear-conditioned mice. Shifts in the fractions of LMTs with no filopodia and with more than four filopodia revealed that, on average, at least 45% of the LMTs established increased numbers of filopodia as a consequence of fear conditioning (Fig. 1f) .
To determine whether an increase in stratum lucidum feedforward inhibition connectivity may be generally associated with hippocampal learning, we analysed mice that underwent a Morris water maze incremental learning protocol. Filopodial contents were only slightly increased over naive values during the first 3-4 days of training, whereas they increased markedly between days 4 and 8 ( Fig. 1g) . Again, we detected no changes in the densities of LMTs in CA3b upon Morris water maze learning (not shown). Testing mice for the memory of the platform position revealed that this reference memory only began to differ from chance after 3 days of training (Fig. 1h) . The reference memory reached plateau values at day 8 ( Fig. 1h) , suggesting that filopodial growth correlated with the establishment of a precise spatial memory in the Morris water maze test. The reference memory of the platform position persisted for at least 45 days after cessation of the training and, unlike in the fear conditioning experiment, raised filopodia per LMT values also persisted for at least 45 days ( Fig. 1h ; day 53 values). As in the fear conditioning experiment, a large fraction of the LMTs exhibited higher filopodial contents at plateau values (Fig. 1i) .
To determine whether learning-related induction of feedforward inhibition connectivity growth might be a general phenomenon not restricted to spatial learning in the hippocampus, we analysed mossy fibre terminals in the cerebellar cortex, which also consist of powerful large core structures associated with filopodia 19 . Cued fear conditioning, in which animals learn that a tone predicts an aversive stimulus, involves plasticity in cerebellar cortex lobule 5, but not lobule 9 (ref. 20) . In parallel, cued fear conditioning led to a robust and reversible increase of filopodial numbers per mossy fibre terminal in lobule 5, but not lobule 9 ( Fig. 2a, d) . In a second set of experiments, we trained mice to balance on an accelerating rotating rod (rotarod). This cerebellum-dependent motor skill task involved incremental learning over 4-6 days, which was accompanied by a parallel increase in the filopodial contents of mossy fibre terminals in lobule 9, but not lobule 5 (Fig. 2b, d ). At least for the Golgi cells that could be visualized with the marker RC3, mossy fibre terminal filopodia extended along their dendrites, and established numerous varicosities, where synaptic markers co-distributed ( Fig. 2c and Supplementary Fig. 4 ). More than 95% of the filopodial varicosities within a granule cell layer volume exhibiting an RC3-positive Golgi cell made putative synaptic contacts with that Golgi cell. Therefore, learning is specifically correlated with the growth of feedforward inhibition connectivity in both hippocampal and cerebellar circuits.
We next sought to determine what might be the function of the learning-related growth in feedforward inhibition connectivity. In the fear conditioning experiments, the excess filopodia were lost within 8-10 days after learning, and filopodial retention was prolonged upon re-exposure to context leading to extinction (Fig. 3a) , indicating that the excess filopodia are not a requirement for expression of the fear memory. Testing of individual mice during the Morris water maze training protocol revealed a strong correlation between the reference memory of the platform position and mean filopodial contents per LMT for individual mice (Fig. 3b) , indicating that the extent of filopodial growth was correlated to the precision of the learning. We therefore monitored generalization, that is, decreased behavioural precision of the fear memory in the contextual fear conditioning experiment. In agreement with previous reports 21, 22 , generalization of the memory for context in fear conditioning was not detectable during the first 5-7 days after learning, but was detected at longer intervals after fear conditioning as an enhanced freezing response and reduced exploratory activity in a neutral context (Fig. 3c) . A brief re-exposure of mice to training context in the absence of the aversive stimulus at 15 days after learning produced a suppression of generalization at retest, which lasted 8-12 days (Fig. 3d) . In parallel, training context re-exposure induced a pronounced re-induction of the filopodial response, which again lasted for 7-10 days (Fig. 3d) . By contrast, exposure to a neutral context affected neither generalization nor filopodial growth (Fig. 3d) , suggesting that retrieval of the specific memory was necessary to re-induce feedforward inhibition connectivity growth in hippocampal CA3, and to suppress generalization.
To investigate a possible functional correlate of feedforward inhibition connectivity growth, we analysed c-Fos-positive pyramidal neurons in CA3b in the contextual fear conditioning experiment 23 . On day 0, mice were exposed to the training context without or with aversive stimulus. In the absence of aversive conditioning, re-exposure on day 1 to either the training context or a neutral context produced closely comparable increases in the fractions of pyramidal neurons with high and intermediate c-Fos signals when compared to naive cage control mice (Fig. 4a) . In stark contrast, association of the training context with an aversive stimulus led to a specific and robust relative increase in the number of pyramidal neurons expressing high c-Fos signals upon recall of the memory in the training context, and to a marked reduction of the high and medium c-Fos signals upon exposure to the neutral context (Fig. 4a) . Recall in the training context at day 15 led to decreased high-signal c-Fos neurons, whereas exposure to a neutral context at day 15 led to markedly increased low-signal c-Fos neurons (Fig. 4b) . Notably, in parallel to increased filopodial numbers and the re-establishment of memory precision, memory recall in the training context at day 15 after fear conditioning suppressed excess responses upon subsequent exposure to a neutral context (Fig. 4b) .
To address the role of mossy fibres and their plasticity in fear memory precision, we carried out fear conditioning experiments in Rab3a 2/2 mice, which specifically lack long-term potentiation (LTP) at mossy fibres, but not at other synapses in the hippocampus 9 . We found that in the absence of Rab3a, mice learned the relationship between the training context and the aversive stimulus, but already generalized 1 day after fear conditioning ( Fig. 4c) . In parallel, Rab3a 2/2 mice lacked any learning-related increase in putative release sites at core LMTs, or any learning-related increase in filopodia numbers at LMTs in CA3 (Fig. 4c) . Furthermore, analysis of c-Fos-positive neurons upon recall 1 day after learning revealed a complete absence of ensemble activity rearrangements in CA3 upon fear conditioning, leading to comparable contents of c-Fos-positive neurons upon re-exposure to the training context or exposure to an unrelated neutral context, regardless of associative learning through aversive pairing (Fig. 4d) . These results indicate that synaptic plasticity at LMTs in CA3 is required to re-organize pyramidal neuron ensemble activity in CA3 upon fear conditioning learning, to establish a precise memory of context in the hippocampus, and to induce learning-related feedforward inhibition growth. 
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To test the notion that learning-related feedforward inhibition growth is necessary for memory precision, we then carried out learning experiments in Add2 knockout mice 10 , which exhibit early LTP, but have a defect in synapse stabilization due to impaired linkage between the cell membrane cortex and the actin cytoskeleton 24 In naive Add2 2/2 mice, average values of filopodia per LMT were closely comparable to those in wild-type mice. Unlike Rab3a 2/2 mice, Add2
mice did exhibit enhanced putative release sites per core LMT upon fear conditioning (Supplementary Material), but they completely failed to establish higher numbers of filopodia upon fear conditioning (Fig. 5a ). In parallel, and like Rab3a 2/2 mice, Add2 2/2 mice learned to associate fear with context, but the memory was imprecise and mice already generalized 1 day after fear conditioning ( Fig. 5a ). Comparable findings were obtained for Morris water maze and rotarod learning in Add2 2/2 mice ( Fig. 5b and Supplementary Material). Absence of learning-related feedforward inhibition connectivity growth in Add2 2/2 mice is thus correlated with poor precision of the learned memory in the fear conditioning and Morris water maze paradigms, and with a near to complete failure to learn the rotarod task.
We then investigated c-Fos-positive CA3 pyramidal neuron ensembles in response to fear conditioning in the Add2 2/2 mice. In stark contrast to Rab3a 2/2 mice lacking mossy fibre LTP, and consistent with increased feedforward excitation connectivity, Add2 2/2 mice exhibited c-Fos ensemble reorganization responses in CA3 that were qualitatively closely comparable to those in wild-type mice (Fig. 5c) . Remarkably, however, net total numbers of c-Fos-positive neurons were more than 2.5 times higher for each experimental condition in Add2 2/2 mice compared to wild-type mice (Fig. 5c) . By contrast, numbers of c-Fospositive pyramidal neurons in naive Add2 2/2 mice were not higher than those in naive wild-type mice, indicating that the mutant mice did not just exhibit raised levels of c-Fos in CA3 neurons (Fig. 5c) .
In wild-type mice, a reorganization of training context/neutral context ensembles upon fear conditioning was also detected in granule cells, but it was much less marked than in CA3 (Fig. 5d) . Notably, however, and in stark contrast to CA3, distributions and numbers of c-Fos positive granule cells in Add2 2/2 mice were not different from those in wild-type mice for all experimental conditions tested (Fig. 5d) 
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activated pyramidal neurons in CA3 upon stimuli, which is consistent with a complete absence of feedforward inhibition connectivity growth at LMTs. Furthermore, c-Fos activation patterns in CA3 correlated with memory precision, whereas those in dentate gyrus did not, suggesting that the absence of Add2 in mossy fibres and their LMTs may account for the impaired memory precision in Add2 2/2 mice. To establish a causal link between learning-related feedforward inhibition growth at LMTs and memory precision, we determined whether re-expression of Add2 specifically in granule cells and their mossy fibres was sufficient to rescue filopodial growth and memory precision upon fear conditioning. To achieve specific re-expression in the adult, we expressed Add2 selectively in the dentate gyrus 15 of Add2 2/2 mice using a lentiviral construct. One month after viral transduction, 15-22% of granule cells throughout the entire hippocampus exhibited virus-driven gene expression, whereas expression outside the dentate gyrus was extremely rare (Fig. 5e) . The re-introduction of Add2 in mossy fibres was sufficient to rescue filopodial growth at LMTs of transduced granule cells in response to fear conditioning (Fig. 5f ). Most notably, and in parallel to restored feedforward inhibition growth, re-expression of Add2 in granule cells rescued behavioural contextualization upon fear conditioning (Fig. 5g) .
Our results establish a causal relationship between learning-associated structural alterations in identified circuit connectivity and a specific behavioural output. We provide evidence that increased feedforward 3.0 inhibition connectivity upon learning by mossy fibre LMTs in CA3 is critically important for the behavioural precision of learning-related hippocampal spatial memories. We further show that, upon learning, the increased feedforward inhibition connectivity is brought about through structural plasticity at a substantial fraction of LMTs in CA3, leading to aboutadoublinginthenumbersofexcitatory synapsesontoparvalbuminpositive inhibitory interneurons (see also Supplementary Material).
Our results introduce a distinction between spatial learning, which is present in Add2 2/2 mice, and the behavioural precision of the learning, which is compromised in these mutant mice. The distinction is consistent with the notion that the hippocampus is critically important for the precision of contextual memorie 25 . Within the hippocampal circuit, the dentate gyrus establishes fine-grained representations of experience, which it transmits to CA3 (ref. 13) . Upon learning-induced potentiation, this high-resolution information may augment the detection of similarities among unrelated events through the associational network in CA3. Accordingly, filtering of the mossy fibre output through feedforward inhibition connectivity upon learning [26] [27] [28] may support memory precision by restricting the extraction of relational representations in CA3 (ref. 29) . The increase in feedforward inhibition connectivity through structural plasticity discovered in this study may thus have important roles in ensuring the precision of behaviourally relevant memories upon learning, under normal and pathological conditions.
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Rab3a
2/2 and Add2 2/2 mice 9,10 were from Jackson Laboratories; the reporter line Thy1-mGFP(Lsi1) was as described before 5 . The membrane-targeted green fluorescent protein (mGFP) lentivirus to trace mossy fibre projections was as described previously 15 ; the GFP-Add2 construct was cloned into a lentivirus vector, and dentate gyrus infections were as described previously 15 . For anatomical analysis, mice were perfused with ice-chilled 4% paraformaldehyde in 0.1 M PBS, and brains were post-fixed. Hippocampi were mounted in 3% agarose blocks, and 100-mm transversal sections of hippocampi were cut using a McIlwain tissue chopper. Sections analysed were within 15% and 30% along the anterior-posterior axis. All LMTs that could be resolved in three dimensions within any given optical field (3100) were analysed for filopodial contents. Filopodia were defined as processes emanating from LMTs of at least 2 mm length; varicosities were defined as end-swellings of at least 1 mm in diameter.
The immuno-electron microscopy analysis was performed according to a published procedure 30 . For c-Fos analysis, mice were perfused for 90 min after the last memory recall. Quantitative analysis of Bassoon puncta and c-Fos-positive nuclei was performed using a computerized image analysis system (Imaris 7, Bitplane). Nuclei were detected automatically as spheres of 8 mm, and the software yielded distributions of c-Fospositive nuclei. Intensity thresholds for CA3 were defined as follows: low (.280, ,450), medium (.450, ,700), high (.700; the highest values were about 1,400).
Statistical analyses were performed using Student's t-tests and one-way ANOVA; post hoc comparisons were at the P , 0.05 level of significance. Results are presented as mean 6 s.e.m.
All behavioural experiments were carried out with male mice that were 55-65 days old at the onset of the experiment, and were according to standard procedures. All subsequent morphological and immunohistochemical analyses of behaviourally treated mice were carried out blind to behavioural conditions.
